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FORMATION OF THE SILVER HYDROSOL
BY MEANS OF LIGHT

By Sasuro Yacr

I. Introduction

According to the study of S. Horiba and S. Chin”, when a dilute solution
of silver nitrate containing a small quantity of gelatin is illuminated, silver is
reduced to yellowish- or reddish-brown colloid ; however, if the gelatin sufficiently
extracted with the clectric conductivity water is used, no reaction occurs; but, if
a trace of chlorine ion is added into the purified gelatin solution, a remarkable
reaction is again brought about, that is, chlorine ion acts as a catalyser in this
photochemical reduction of silver nitrate. The auther investigated the reaction in
more details.

II. Experimental

a) Materials

Merck's extra pure silver nitrate and extra pure sodium chloride, potassium
bromide, and potassium iodide (pro analyse) were used. Gelatin solution used
was obtained in the following way. Gelatin was first extracted by decantation
with distilled water at intervals of 2, 4, and 12 hours, then twice with clectric
conductivity water at 12 hours intervals, and finally dissolved in the water bath
at 40°C. By pipetting out 50 c.c. of this -solution drying and weighing, the con-
centration of the gelatin solution was determined. The. solution containing
0,032% gelatin thus made and 0.0004 mol silver nitrate was put in a non-alkaline
beaker thoroughly washed by steam and jt was exposed to' intense direct sun-

light, but the formation of hydrosol was by no means recognized.

b} Apparatus and experimental method

In Fig. 1, (E), the light source, was a 1500 watt tungsten filament incandes-
cent lamp with a reflecting shade, being cooled incessantly by a motor fan. (I.)
was a convex lens 10 c.m. in diameter. In order to absorb heat radiation, (F)
was filled with 5% copper sulphate solution 10 cam. in thickness, which was
covered with liquid paraffine to prevent the variation of concentration of the filter

solution and clouding T{ the lens by the evaporation of water, The sides of (F)

1) S. Horiba and S, Chin, This Journal, 2, 49 (1928).
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were painted black to absorb diffused light. (R) was a
reaction vessel, 7.5 c.m. in diameter,”300 c.c. in vo'lume.
¢ Its upper section was covered with a disc made of plane,
glass (G). A hole 1 c.m. in diameter was made in (H),
_ through which a small amount of the solution was taken
out by a pipette. During the reaction the hole was
covered with a microscopic cover glass. (S) was a stir- -
rer made of non-alkaline.glass. The reaction vessel was
entirely put in the thermostat T. The temperature was .

25°C., unless shown especially. By taking out 15 cc.

of the reacting solution the extinction coefficient of silver

R &7 hydrosol was measured by means of the Konig-Martin's

spectral photometer to observe the progress of the reac-

tion. -The extinction coefficient of the colloidal solution,

e, at a given wave length is expressed by

Fig, 1. Apparatus 7 .
_logtg e —logtg a,

£ d »

where o, is the angle of rotation of the ocular Nicol's prism in the case where
both the fields of view of the prism are equal, when the abscrption tube of the
colloidal solution was set at the right and that of water at the left, and &, is the
angle of rotation in the case when the absorption tubes were exchanged one with
the other.  is the thickness of colloidal solution. An -absorption tube 2c.m.
long was used. As the extinction coefficient is -proportional to the concentration
of ‘the colloidal solution, the extinction coefficient obtained by observing ¢ and «
is taken as the measure of the concentration of the colloidal solutiou.

In order to examine whether or not Beer's law regarding light absorption

can be applied to the photometer used for such a colloidal solution. the following

preliminary test was carried out. Table I.
The measure of the drum of -
. Colour Wave lenglth A (Hg) [ Measure of drum
photometer for a known wave
. 313z 29390
length of the light source was Pisgle { 3126 29790 } 29590
. : 38311
observed by means of a mercury Blue 3341 38265 } 38484
lamp, the results being shown in 3663 43681
' s Green , 3655 43878
Table 1. The extinction coeffi- 3650 44074 |
; ; : 5791 45801
cients for lights of various wave Chnge [ 3770 ]45192
length were measured for the 5401 46494
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Table. 1L

Me(:;sr:::.e. of Exﬁhcﬁon'lcneff. after |- lixlinclion&...coeﬂ. after ede,
‘ one hour exposure two hours exposure
50000 o013y 004799 345
46192 0.03363 0.12777 3.80
43878 005892 0.19206 3.26
38484 o.10871 0.28326 2.62

two cascs where the rcacting solutions were exposed to the sunlight for 1 hour
and 2 hours, the values obtained being shown in Table II and Fig. 2. As to
these two kinds of colloid, the ratios of the extinction coefficients may be regarded
as much the same in the first three cases, that is, the state and property of the
colloidal particles can be regarded as
unchanged in such a range ; the increase i )
of the extinction coefficient is assumed
to be caused only by the increase of
number of the particles. The deviation
of the fourth column from the other

three is considered to be ascribed to the
facts that the equal point of both fields

of view of the ocular prism is hard to

Extinction coefficient of silver colloi

determine partly because of large extinc-

P
5000 4500 4000 3500(A)
Fig. 2. Absorption curve of silver colloid.

tion coefhcient and partly because of

the dark blue colour, and that these are
some crrors because the shorter the
wave length is, the greater the effect of the colloidal particles on the reflection
and diffusion of light is. From the above tests, green light was recognized to be
best and, therefore, the drum of photometer was adjusted' to the part 43878 and

a 250 watt tungsten filament lamp used as the light source.

Table T
Relation between concentration and cxtinction coefficient
Relatlve cone. Extinction coeff. Extinction coeff.fcone.
of colloid
100 0.46870 047
8o 0.37261 047
60 0.30640 o.51
40, 0.21075 0.53
20 0.10001 o.50
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Taking the relative concentration of o5 /

silver hydrosol completely reacted by suf- E

ficient exposure to the sunlight as 1co, the -_-‘? . 4

extinction coefficients were measured for %

respective colloidal solutions diluted at the ':o: o3

ratio of 80, 60, 40, and 20. From the &

results shown in Table III and Fig. 3, it. g ozr

was ascertained that the relative concentra-  §

tion was almost proportional to the extinction g ey

coefhicient. &
o w0 & B o
Relalive concentration

IIL." Experimental results Fig. 3. Concentration and absorplion

a) Relation between the concentration of chlorine ion and the reaction

rate '

250 cic. of the solution containing 0.0004 N silver nitrate, 0.0329% gelatin, and
0.000032 N sodium chloride were poured into a reaction Avessel, 10 c.c. was taken
out every 30 minutes and its extinction coefficient was measured by means of the
Konig-Martin's spectral photometer. The results are shown in Table IV and Fig.

4. At the initial part of the reaction there exists a short induction period, but

. Table VI.
{ AgNO, 0.0004~-N
Gelalin 1 0.032%
Conc. of NaCl 0.000032-N 0.000016-N 0.000008-N
time (min.) Extinction coeff. of silver colloidal solution

o 0.,00784 0.00670 0.00000
30 0.03402 0.02604 0.00443
6o 0.08415 0.06085 0.00505
018334 0.09976 0.01896
120 0.29002 Q15117 004684
150 0.38907 0.18788 0.00544
180 a.47716 0.22527 0.08919

thereaflter the extinction cocfficient increases under zero order reaction. The
measurements were repeated during three hours.

With 0.000016 N and 0.000008 N, sodium chloride a series of observations
were made in the same way, and in the both cases the curves of the similar type
were obtained,

The appearance of the induction period is considered to be caused by the fact
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that it takes mwuch time for reduced 0.5
silver to grow up to such a particle
size as capable of absorbing light,
Another cause may be the auto-cataly- 5
tic reaction by the silver nuclei as
in the case of the reduction of silver 03
halide by a reducing agent.

The reason why the pursuance
of the reaction was stopped after
three hours, is that the more highly

concentrated solution darkened the

Extinetion coefficient of silver colloi

field of view of the photometer and

made the measurement difficult and,

consequently, the result obtained was

: . 60 %0
inaccurate., Moreover, the light of 2 a % = -,Itsiome (:nfn.)

short wave length effective to the Fig..
photo-chemical reaction was reflected, diffused, and absorbed by the colloidal
particles formed. and sa the light absorption by the reactant was not simple.
The effects of varying the concentrations of silver nitrate were cbserved by
making the sodium chloride solutions of three different concentrations—0.000064 N,
0.000032 N, and 0.000016 N—react on 0.0002 N silver nitrate with 0.0163% gelatin
and on 0.0001 N silver nitrate with 0.0039; gelatin. The results are shown in
Tables V and VI, respectively.

b) Influences of halogen ions

When potassium bromide and potassium iodide were used instead of sodium

Table V.
{ AgN(Q), o0.0002-N
Gelatin 0.016%%
Cone, of NaCl 0,000064-N 0.000032-N 0.000016-N
time (min.) Extinclion coeff. of silver colloidal solution

o o.00766 0.00165 0.00620
3o 0.03841 0.00682z 0.01340
6o 0.11203 0.03465 0.01568
90 a.18g72 0.06684 0.01972
120 Q.25626 c.10876 0.03466
150 0.33300 0.14806 0.04545
180 0.39834 0.20280 0.06699
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A
Table VI.
{ ApNOQO, 0.0001-N
Gelatin 0.00822
Cone. of NaCl 0.000064-N 0.000032-N " 0.000016-N
time (min.) Extinction coeff. of silver colloidal solution

] 0.00746 0.01846 0.01719
3 0.02546 a.0258¢9 0.02188
60 0.06251 003770 0.02018
90 0.09708 0.05448 0.03238
120 0.15937 0.08572 0.04865
150 0.18323 o.009t5 0.05885
180 0.21496 0.13996 0.00572

chloride, a reaction occurred slightly in the case of bromine ion and extremely

slightly in the case of iodine ion, as shown in Table VII and Fig. s.

Table VII.

AgNO, 0.0004-N
Gelatin 0.032%;
Cone. of halogen NaCl KDBr KI
salts 0.000040-IN f 0.000040-N D.000040-N
time (min.) Eaxtinction coefl. of silver collvidal selution -
o c.00053 i 0.00961 0.00678
30 0.01150
€o 001884 a.02036 0.00981
90 0.03678
120 0.05081 o.02630 col108
150 a.07571
180 oogioz . 00382z 0.01047
240 0.04062 0.01123
300 0.04355 0.01589
360 0.05501 0.0I503
ApNQ, 0.0004-N
005

Extinction coefficient of
‘silver colloid

o 60 120 1% 240 300 360
— time (min.)



The Review of Physical Chemistry of Japan Vol. 14f No. 3 (1940)

No. 3 - FORMATION OF TIIE SILVER II¥YDROSOL. BY MEANS OF LIGHT 191

c) M'onochromatic light

In all the above experiments white light from the lamp was used as it was.
In order to measure the reaction rates in a monochromatic light, the following
filter solutions were used. To obtain violet light, 0.00; g. crystal violet 2B and
15 g. copper sulphate were disselved to 100 c.c. and this solution was used as a
layer 2 c.m. in thickness. For yellow light, 6 g. of potassium chromate dissolved
to 100 c.c. was used as a layer 7 com. in thickness.  Thesc solutions were used

in (F) in Fig. 2. The experimental results are shown in Table VIHI. In the

Table VILI,

Effect of monochramatic light

{ AgND,; 0.0004-N
Gelatin 0.032%
Temperature 15°C Purple Yellow
* Concentration of 0.000040-N 0.000040-N 0.000040-N
halogen salts NaCl KBr KI
time (min.} Extinction coeff. of silvercolloicdlal solutinn
o 0.00093 0,00688 0.00839
6o 0.01270 0.01346 0.00885
120 0.02272 0.01113 0.00754
180 0.C3155 0.01561 —_

case of chlorine ion a reaction occurred slightly, but, because of the weakening of
light. the rate of its change was very small. In the case of bromine ion hardly
any reaction occurred, and even iodine ion showed no reaction in yellow light.

d} Influence of gelatin

According to the cxperiments made by S. Horiba and S. Chin? there was

hardly any influence found of the con- Table IX
centration of gelatin, which acted only Edect of gelatin
as protective colloid. The present author gﬁg‘l‘» Eﬂ;iN
made experiments on a solution only of Gelatin nothing
silver nitrate and sodium chloride con- time (min.) 1‘3"““";:","'{ ';‘“‘“‘i “‘r silver
Collowial solilion

taining no gelatin.  As shown in Table
_— ; o o 0.01153

. the result was that though a little o 001464
amount of dark grey precipitate was 120 0.01757

180 0.01478

brought forth, no reaction proceeded:

2} S. Horiba and S. Chin, &e¢. a?,
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e) Influence of oxalic acid

In the present reaction oxalic acid acts as a promoter, To a 0.0004 N silver

nitrate solution, there was AgNO; 0.0004-N

added a 0.00004N sodium 5 *3f Osstic Ackt oaor-3ol
chloride solution containing 73 One hour exposure

0.00r mol of oxalic acid at _g

the rate of 2, 4, 8, 16, and ¢ °3F

32cc, and after one hour &

the concentration change of %

cach solution was measured, - o1l

The results obtained are shown %

in Fig. 6 and Table X. The S

promoting action of oxalic | 1 1
acid is clearly recognized. It 524 B m’:’fm 2
is considered that thoroughly Fig. 6

extracted gelatin has lost the organic substances exerting such a promoting action

by the extraction,

Table X.
Promoting action of oxalic acid

AgNO, 0.0004-N

Gelatin 0.032%

NaCl 0.000040-N

Conc. of oxalic acid Extinction cocff. of silver colloid
No. of c.c. mol/L Initial Afl::pl:::r:mur

o 0. 0.00313 0.02154
2 0.000008 0.00344 0.05638
4 0.00c016 0,00693 0.10756
8 0.000032 0.00298 0.13667
16 0.000064 0.00263 0.18861
32 o.000128 0.00541 0.24937

f) Effect of temperature

The temperature coefficient of the photographic dry plate is approximate to
1. With respect to the reaction of formation of silver hydrosel, a run of experi-
ments were carried out with a solution of 0.0004 N silver nitrate and oc.co0040 N
sodium chloride at 159, 25° and 35°C., the results being shown in Table XI.
The results show, though not so clearly, that the yield was maximum at 23°C.
and decreased at 15° and 35°C,
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Table XI.
Effect of temperature
AgNO, 0.0004-N
NaCl 0.000040-N
Gelatin 0.032%
Extinction coeff. of silver colloidal solution
time (min.)
15°C 25°C 35°C
o 0.00713 0,00815 0.00753
. 60 0.02823 0.03369 0.03869
120 0.08337 o.11216 0.09720

IV. Considerations about the experimental results

a) In the present reaction, it is only silver chloride that absorbs the visible
light, and it is, accordingly, inferred that the reaction starts from silver chloride.
Accordiug to Plotnikofi®, even AgNQ; alone brings about a reaction by the action
of light, if it is in the presence of an organic substance, according to the following

formula:

AgNO,+ H.O—>Ag+HNO, + O..

In the present experiment, however, a silver nitrate solution, to which was added
the gelatin extracted with the electric conductivity water in order to remove
the halogen ion perfectly, was illuminated with intense direct sunlight for a few
hours. No change was recognized. This indicates clearly that even in the
presence of an organic substance no reaction ensues by silver nitrate alone.

The progress of the reaction in the case of an extremely dilute solution was

Table XII.

Effect of solubility of silver chloride accompanied by temperature change

ApNO, 0.0004~-N
Gelatin 0.032%
NaCl o.000004-N
NaCl NaCl
0.000004-N 0.000002-N
time (min.) Extinction coeff. of silver colloidal solulion
15°C 35°C 15°C 35°C
o o.0l052 0.00622 0.00608 0.00556
60 0.01447 o.01128 Q00794 ©.00799
120 0.04528 0.02658 001914 0.01254
180 0.08649 0.04354 003712 0.01894

3) J. Plotnikofl, Allgemine Photockemie, 2. Aullage, 459 (1936).
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examined, taking account of the difference of the solubilities of silver chloride at
152 and 35°C., and it was found that the reaction rate 2 shows an increase
directly proportional to the quantity of the solid silver chloride present, as shown
in Tables X1I and XIIL

Table XIIL

{ AgNO, 0.00040-N
Gelatin 0.032%
Cl- conc. Dissolved Um‘lAissolved Reaction rate Rt:.:ttinn / nndi.ssol]ved
Tamp: AgCl AgCl % k=vuf[ AgCi]
(mol{L.307)) ((moljLx 107 {m.EuL x ]Io”) (£efmin) (A:}min., L per L)
15°C 4 0.187 3.8 0.00048 126,3
15°C z 0.186 1.8 0.00021 116.6
35°C 4 1.03 2.9 0.00024 82.7
35°C 2 1.03 og 0.00011 1222

{mean) 111.95

The solid silver chloride, therefore, is activated by light absorption, and it is

considered to start as follows :
AgCl+ /v — AgCl. (1)

From Table XI which shows the relation betwcen the reaction rate and
temperature, it is scen that the reaction rate is at its maximum at 25°C, and
35°C. 1Tt is easy to suppose that the reaction includes not only the photochemical
decomposition of AgCl but also a thermal reaction. It follows that the decrease
of the reaction rate at 15°C. may depend much more upon the decrease of the
rate of thermal reaction than upon the increase of the photochemical reaction rate
caused by the increase of undissolved silver chloride.  The decrease of the
reaction rate at 35°C. may be affected much more by the dccrease of photo-
chemical reaction rate caused by the dissolution of silver chloride than by the
increase of the thermal reaction rate. Thus the reaction rate, on the whole,
shows a decreased tendency and the vield is at its maximum at 25°C.

b) Gelatin used in the present reaction is considered to act not only as a
protective colloid of the gencrated silver colloid, but as an acceptor of the chlorine
atoms to be generated by the photochemical decomposition of silver chloride. As
shown in Table 1X, when no gelatin is contained, the reaction is almost perfectly
retarded though some greyish-white precipitate is brought forth.  This relation is

respresented as follows :

AgCl+/w > AgCl', (1)
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AgCl'+Gel, — Cl—Gel. + Ag. (2)

Thus the reverse reaction of the primary photochemical reaction is retarded. In
a solution the chlorine atoms thus generated easily turn into ions and, acting
again on excessive Ag* jons, become solid silver chloride according to the

following equation :
Ag*+Cl- — AgCL
This reaction is considered to be a kind of chain reaction carried by the chlorine
ions. . ’
¢} The reactions of silver nitrate and sodium chloride at various concentra-

tions, which have already been given in Table IV to VI, are summarized in

Tables XIV and XV. When the concentration of silver ion is constant, the

Table XIV
Agtconc. Cl~ conc. 'Diswh;e:l Um]{::g{ved Reaclion rate Re:.:tl;lon/ “ndj\szﬂfe 4
: : e [AgCl] o ==/[AgCl]
(mol{L-10") {mol/L-10% (molfl.10%) (el T -10%) (agfmin.) (Aefmin. mol per L)
400 3z 0.46 3L5 0.003275 103.1
400 16 0.44 15.0 0.001349 86.5
400 8 0.43 7.6 0.000535 9.1
(mean) 93.2
200 64 1.24 62.8 0.002333 37-1
200 3z 1,00 310 0.001394 44.9
200 16 0.92 15.1 0.000525 348
(mean) 38.9
100 64 4.69 50.3 0.001263 253
100 32 2.84 29.5 0.000760 25.7
100 16 2.01 139 0.000379 27.3

(mean) 24.8

value of % (the ratio of the reaction rate z to the quantity of the undissolved
silver chloride [AgCl]) is much the same, independent of the concentrations of
the chlorine ion, e.g. 93.2, 38.9, and 24.8 for the concentrations of silver ion, 400,
200, 100x 10~* mol/L. respectively. As in Table XIII, even in an extremely
dilute solution in which the concentrativn of chlorine ion is 4~2x10™% mol/L,
when the concentration of silver jon is 400 % 10~ mol/L, the ratio, £ is 100 or
50, being nearly equal to other values for silver ion in the same concent-
ration.

Table XV shows that when Cl~ is constant, £ is nearly proportional to the
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Table XV.
Cl-conc. | Agtcone. | Dissolvea |Undgissoived Disi‘:*"“-d Reaction /[ sgci]
Al | rasc] | (Agn) i=yifagcy) | HAEIIeT)
(moljL-1a%) | (mol/L-10%) | (molfL-10f) {mol/L-10% | (mol{L.-10%) | (Aefmin mol per L)
32 400 046 31.5 363.5 103.1 2.31
32 200 1.00 310 169.0 44.9 2,66
3z 100 2.84 20.5 715 25.7 346
i6 400 0.44 15.6 384.4 86.5 2.25
16 200 0.9z 15.1 185.9 34.8 . .87
16 100 2.50 13.0 86.1 27.3 3.17
64 200 1.24 62.8 137.2 37.1 z.70
64 100 4.69 59.3 40.7 21.3 5.23

concentration of the dissolved silver ion.

the 7th column,

The ratio of 4 to (Ag*) is shown in
However, the proportional constant is larger when the concent-
ration of (Ag¥) is lower.

The photochemical reaction is initiated from the undissolved silver chloride.
The particles of silver chloride, when forming colloid in the presence of an excess
of Ag*, form a kind of micelle which has adsorbed Ag* ions. The chlorine ions
generated by the photochemical decomposition are considered to combine not with
dissolved Ag*® ions in the solution, but with Ag* ions on this adsorption layer
On the other hand, the Ag*

ions on the adsorption layer, when consumed, must be supplied with the dissolved
Ag? jons.

and to be reduced to the original silver chloride.

The rate of the recovery of this adsorbed Ag® ions depends upon the
concentration of the dissolved Ag* ions in the solutien, and upon the temperature
of reaction. Therefore, this seems to be a cause of the fact that the reaction rate
is apparently proporticnal to the dissolved Ag* ions. It is very difficult to give
quantitative explanation to these relations. In the present experiment its reproduci-
bility was found very difficult to obtain because of various conditions. Consequently,
it is evident at least that this photochemical reaction is not a simple homogeneous

reaction, but a heterogeneous system.

V. Summary

1) When a dilute solution of silver nitrate containing a little amount of
gelatin is exposed to light, a stable and beautiful yellowish- or reddish-brown

silver colloid is obtained.

2) In this reaction, halogen ion, particularly chlorine ion, exerts a remarka-
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ble catalytic action and so the chain mechanism by chlorine fon has been pro-

posed.

3) The reaction rate of formation of the ‘silver colloid is proportional to the
quantity of solid silver chloride. if the concentration of silver ion is constant, but
at constant concentration of the chlorine jon it is proportional to the concentration

of silver ion. These relations have been experimentally studied and discussed.
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